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Various physical properties of the pyrochlore oxide Y2-xBixIr2O7 have been 
studied. The magnetizations M measured under the conditions of the 
zero-field-cooling(ZFC) and the field-cooling(FC) have different values below the 
temperature T=TG. The anomalous T-dependence of the electrical resistivities ρ and 
the thermoelectric powers S observed at around TG indicates that the behavior of the 
magnetization is due to the transition to the state with the spin freezing. In this 
spin-frozen state, the Hall resistivities ρH measured with the ZFC and FC conditions 
are found to have different values, too, in the low temperature phase (T<TG). Possible 
mechanisms which induce such the hysteretic behavior are discussed.  
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1. Introduction 
Pyroclore oxides A2B2O7 have the structure composed of individual networks of the 
corner-sharing A4 and B4 tetrahedra.1) This characteristic structure often introduces 
the magnetic frustration, and anomalous physical behaviors have been reported in 
various pyrochlore systems.2-4) Y2-xBixRu2O73) and Sm2-xCaxRu2O74) exhibit the Mott 
insulator to metal transition with increasing x. In Y2-xBixRu2O7, the metal-insulator 
(M-I) transition is induced by the change of the transfer energy or the Ru t2g band 
width, as indicated by the x-dependence of the low temperature specific heat 
coefficient γ. The M-I transition in Sm2-xCaxRu2O7 is, on the other hand, caused by the 
change of the carrier number. In both systems, the spin-glass-like transition and the 
specific heat jump have been observed at TG in the region of small x and the 
significant increase of the Hall resistivity ρH has also been found with decreasing 
temperature T above TG. Neutron Rietveld analyses of Y2Ru2O7 and Nd2Ru2O7 
revealed that the ordering of the Ru-magnetic moments is almost long-range in the 
spin-glass-like phase.5) 
Pyrochlore iridates are different from the pyrochlore ruthenates in the point that 
Ru+4 ions in the Mott insulating state of the ruthenates have the spin s=1, while Ir4+ 
of the latter is expected to have s=1/2. Then, the magnetic anisotropy does not exist 
and effects of the spin fluctuations are expected to be more significant in the iridates. 
One of the iridate systems, Y2Ir2O7 is a Mott insulator and with substitution of Ca for 
Y, the M-I transition takes place as in the ruthenium pyrochlore systems.6,7)  
In the present paper, we report results of studies on Y2-xBixIr2O7, which exhibits the 
insulator to metal transition with increasing x8) by the same mechanism as that for 
Y2-xBixRu2O7. Detailed data of the transport and magnetic properties, indicate that 
the system undergoes the transition to the spin-frozen state at T=TG with decreasing 
T in the region of small x. The anomaly of the specific heat C at TG observed for x=0 is 
found to be much smaller than that of Y2Ru2O7.  
The Hall resistivities ρH below the temperature~TG measured by the four probe 
method exhibit hysteretic behavior, that is, the values taken under the conditions of 
the zero-field-cooling(ZFC) and the field-cooling(FC) have been found to be different. 
Discussion on the mechanism of this hysteretic behavior is presented, including the 
one proposed by Tatara and Kawamura9) that the uniform spin chirality induced by 
the external magnetic field in the spin-glass phase contributes to the Hall resistivity.  
 
 3 
2. Experiments 
  Mixtures of Y2O3, Bi2O3 and Ir with proper molar ratios were ground, pressed into 
pellets and heated at 1000 ºC for 24h. Then, they were cooled in the furnace. The 
processes of the grinding and sintering were repeated once more for the samples with 
nonzero x. For the sample with x=0, the processes were repeated many times. The 
X-ray diffraction studies confirmed that all the samples are single phase. The lattice 
parameters a calculated from the diffraction data are plotted in Fig.1. The a-value 
increases smoothly with x, which guarantees that the substitution of Bi for Y is 
properly carried out. The electrical resistivities ρ were measured by a conventional 
four-probe method with an ac-resistance bridge. The magnetizations M or the 
magnetic susceptibilities χ were obtained by a SQUID magnetometer, where both 
conditions of the zero-field-cooling(ZFC) and the field-cooling(FC) were used. The 
specific heat(C) measurements have been carried out by the thermal relaxation 
method in the region from 2.5 K to 300 K. Measurements of C in the region 0.9 K<T<3 
K have also been carried out for Y2Ir2O7 by the adiabatic heat pulse method and the 
low temperature data are published elsewhere.8) The thermoelectric powers S were 
measured by a dc method. In the measurements of the Hall resistivities ρH, the four 
probe method was adopted, where the samples were rotated to invert the direction of 
the applied magnetic field(H=5 T) to remove the background voltage. The Hall 
voltages were measured under the conditions of ZFC and FC with increasing and 
decreasing T stepwise, respectively. Details of the measurements can be found in 
ref.10. 
 
3. Results and Discussion 
  Figure 2 shows the ρ-T curves of Y2-xBixIr2O7 for various x values. Y2-xBixIr2O7 
exhibits the insulator to metal transition with increasing x. Above 150 K, the metallic 
T-dependence is observed for x larger than ~0.2. For the samples with 0.2≤ x<0.5, ρ 
has a minimum at around the temperature slightly larger than 100 K. It is due to the 
transition to the low temperature phase, which is also indicated by the observed 
T-dependence of the magnetizations M or the magnetic susceptibilities χ(see Fig. 3). 
The x-region in which the low temperature phase exists, is wider than that observed 
in Y2-xCaxIr2O7.7) 
M-T curves taken with H=1 T for several samples of Y2-xBixIr2O7 are shown in Fig. 3. 
The significant difference between the data, MZFC and MFC, taken under the conditions 
of ZFC and FC, respectively, has been found below the temperatures TG. The   
temperatures seem to correspond to those of the resistivity minimum. The inset shows 
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the H-dependence of the magnetization measured at 5 K for x=0.3, where the 
existence of the very small spontaneous magnetization Ms is clearly observed. This Ms 
has been found to appear at TG with decreasing T.  Although the existence of Ms has 
been known in Y2-xBixRu2O7 3) and other pyrochlore ruthenates,11) its origin is still 
unclear.  
  Figure 4 shows the specific heat data of the samples with x=0.0 and 0.2 against T in 
the region from 2.5 K to 350 K. At TG, the specific heat C of Y2Ir2O7 exhibits the slight 
anomaly, which is much smaller than that of Y2Ru2O7,3,5) while for x=0.2, the anomaly 
can hardly be detected. The result is in clear contrast to that of ruthenates, which is 
one of significant distinctions between ruthenium (s=1) and iridium (s=1/2) pyrochlore 
systems. 
  In Fig. 5, the T-dependence of the thermoelectric powers S is shown for several 
samples of Y2-xBixIr2O7. For x=0.0 and 0.1, clear anomalies can be observed at the 
temperatures corresponding to TG. Because the thermoelectric power S is, generally 
speaking, rather insensitive to the boundaries, the data present clear evidence for the 
phase change of the present system at TG. It is also supported by the anomalous 
T-dependence of the resistivity ρ, though ρ is rather sensitive to the grain boundaries. 
Then, the anomalies observed at TG can be considered to originate from an intrinsic 
phase change, possibly to the spin frozen state. One might claim that because just the 
existence of the spontaneous magnetization Ms produces the observed difference 
between the magnetizations MZFC and MFC, the difference does not necessarily 
indicate that the transition is to the spin frozen state. However, by following 
considerations, we think that the transition at TG is to the spin-frozen state: The 
decrease of MZFC observed below TG with decreasing T for small values of x, can be 
considered to be the characteristic of the spin freezing transition and cannot be 
understood by the existence of nonzero Ms. Moreover, the T-dependence is rather 
similar to that observed in the spin-freezing transition of pyrochlore ruthenates.3)  
It should be added here that the present transition to the spin frozen state is 
accompanied by the transport anomalies. At x=0, the specific heat anomaly has been 
observed, which is not expected in the ideal spin-glass transition. (The transition in 
Y2Ru2O7 exhibits much larger specific heat anomaly.) In this sense, the transition is 
not the ideal spin-glass transition. We call it the spin-glass-like transition. 
Magnetization data used in the analyses of the Hall resistivity ρH were collected in 
both directions of H(H=5 T) and –H, where the temperature T was changed stepwise 
with the field in the normal (not reversed) direction. (Note that in the measurements 
of ρH, the samples were rotated by 180° with the field direction being fixed.) Figure 6 
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shows the T-dependence of MZFC and MFC measured with H=5 T. The values of MFC, 
M↑and M↓, measured at fixed T with H along the normal and reversed directions, 
respectively, exhibit significant difference below TG, while these values of MZFC are 
almost equal to each other in the whole T-range. If we write M↑ and M↓ as Mav+δM 
and Mav -δM, respectively, using the average value Mav ≡ (M↑+M↓)/2, δM is considered 
to be the component which is fixed to the sample and does not move even when the 
field H is reversed. It is induced along the direction of H during the field cooling. The 
component Mav is the one which changes or moves when H is changed at fixed T. In 
the case of ZFC, M↑≅M↓ or MZFC≅Mav holds and δM ≅0. It is noted here that the most 
(or dominant) part of δM is Ms. It should be also noted that the contribution related to 
the magnetization δM to the Hall resistivity ρH cannot be observed in the present 
experiment, because the Hall voltage is determined by taking the difference between 
the transverse voltages which appear before and after the sample rotation, where the 
contribution of the magnetization fixed to the sample is cancelled.  
In Fig. 7, results of the ρH-measurements carried out with H=5 T are shown in both 
cases of FC and ZFC, in the forms of ρH -T, ρH/ Mav-T and ρH/ρ2Mav-T in the left, center 
and right columns respectively, for the samples with x=0.28, 0.3 and 0.4. In the left 
panel, we find that the Hall resistivities ρH measured under the conditions of ZFC and 
FC are different below the temperature TG, at which M↑and M↓ of MFC begin to 
separate with decreasing T(see Fig. 6). Above TG, ρH increases with decreasing T.  
For ruthenium pyrochlore oxides, similar behavior of ρH was reported except for the 
significant difference between ρH-values in the ZFC and FC cases (In their studies, 
only the ZFC condition was used.), where the T-dependence of ρH was attributed to 
that of the ordinary Hall coefficient R04): The significant T-dependence of ρH/H above 
TG was considered to be due to the strong antiferromagnetic fluctuations, as in the 
normal states of high-Tc superconductors.12,13) The decrease of ρH/H below TG with 
decreasing T was considered to be due to the suppression of spin fluctuations in the 
spin-glass phase. The mechanism may be able to explain the present observations, too. 
However, there remains a problem if the antiferromagnetic fluctuations depend on the 
cooling conditions or not.  
Then, we try to write the Hall resistivity as ρH =R0H+4πRsM, where Rs is the 
anomalous Hall coefficient. As stated above, only the component Mav contributes to ρH 
in the present measurements. Because the relation Mav∝χH  holds with T-insensitive 
χ (see Figs. 3 and 6), the T-dependence of ρH/Mav (=R0/χ+4πRs) is mainly determined 
by that of R0 or Rs. Then, the question is if there is a possibility, apart from the model 
which considers effects of the antiferromagnetic fluctuations, that the term 4πRs 
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predominantly contributes to the observed hysteretic behavior of ρH. To study such a 
case, we plot the ρH/Mav values in the center column of Fig. 7. If the anomalous 
T-dependence of ρH/Mav which becomes significant at around TG with decreasing T is 
due to the second term of the equation, it is from the anomalous behavior of Rs. The 
conventional theories of the anomalous Hall effect predict that ρH has the terms 
proportional to ρMav and ρ2Mav.14,15) Then, we show ρH /ρ2Mav as an extreme case in 
Fig. 7, where not only the temperatures at which the hysteretic behavior of ρH begins 
with decreasing T but also those of the maximum of ρH/ρ2Mav roughly coincide with TG. 
Even if ρH∝ρ as another theory proposes,15) the result does not change much. After all, 
conventional theories of the anomalous Hall resistivities cannot explain the presently 
observed anomalous change of the T-dependence by the anomalous T-dependence of ρ 
and Mav. They cannot explain the hysteretic behavior, either.  
It is interesting to adopt the idea proposed by Tatara and Kawamura9) as one of 
possible mechanisms to explain the observed behavior of ρH. According to them, the 
uniform spin chirality κ0 induced by the magnetic field or the magnetization produces 
an excess contribution to the Hall conductivity in the spin-glass phase. (The spin 
chirality κ is defined for three spins s1, s2 and s3 as κ≡ s1•(s2×s3 ).) Due to this 
contribution, which appears in the magnetic field as the system goes into the 
spin-frozen state with decreasing T, the anomalous T-dependence of ρH/Mav shows up.  
The hysteretic behavior of ρH may also be explained as the difference between the 
chiralities induced in the ZFC and FC cases.  
In the previous papers,10,16-19) we reported unusual behavior of the anomalous Hall 
resistivity found for several systems such as Cu1-xZnxCr2Se4, CuCr2S4 and Nd2Mo2O7  
with non-trivial spin ordering and SrFe1-xCoxO3-δ and Fe0.7Al0.3 which exhibit the 
ferromagnetic to (reentrant) spin-glass transition. We think that in some of these 
systems, at least, the unusual behavior of the Hall resistivity is induced by the 
mechanism related with the spin chirality. Then, even in the present Y2-xBixIr2O7, it is 
very plausible that this new mechanism is relevant to the observed anomalous 
behavior of the Hall resistivity.  
 
4. Conclusions 
The results of the transport, thermal and magnetic properties in Y2-xBixIr2O7 have 
been reported. The hysteretic behaviors are observed in the magnetization and the 
Hall resistivity below TG for the samples with small x. At around TG, ρ, S and C 
exhibit the anomalous T-dependence, which indicates that at TG the bulk phase 
transition takes place to the spin-glass-like phase. The anomaly of the specific heat 
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observed in the present system at TG is much smaller than in the ruthenium 
pyrochlores. This is a meaningful difference between iridates with s=1/2 and 
ruthenates with s=1. The anomalous behaviors of the Hall resistivity are reported and 
arguments are presented on the possible mechanisms of the anomalous behavior 
related to the spin fluctuations and the spin chirality. 
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Figure captions  
 
Fig. 1 Lattice parameter of Y2-xBixIr2O7 is plotted against x. 
Fig. 2 Temperature dependence of the electrical resistivities  ρ of Y2-xBixIr2O7. 
Fig. 3 Temperature dependence of the magnetizationof Y2-xBixIr2O7 measured with 
H=1 T. For the samples with the hysteretic behavior, the larger and smaller 
values indicate MFC and MZFC, respectively. Inset shows the field dependence 
of M for x=0.3 measured at T=5K.   
Fig. 4 Temperature dependence of the specific heat for x=0.0(solid circles) and 
0.2(open circles) in the region from 2.5 K to 300 K.  
Fig. 5   Temperature dependence of the thermoelectric powers of Y2-xBixIr2O7. 
Fig. 6 Temperature dependence of the magnetization of Y1.7Bi0.3Ir2O7 measured with 
H=5 T by inverting the direction of the magnetic field. Solid and open circles 
represent the data obtained under the ZFC and FC conditions, respectively, 
and M↑ and M↓ correspond to the measuring field H and –H, 
respectively(For ZFC, M↑ ≅ M↓ holds.).  
Fig. 7 Temperature dependence of ρH, ρH/Mav and ρH/ρ2Mav deduced from the data 
taken with H=5 T is shown, where Mav is the average of the magnetizations 
measured before and after inverting the direction of the magnetic field. Solid 
and open circles represent the data obtained under the ZFC and FC 
conditions, respectively.  
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